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CHAPTER I 
INTRODUCTION 
The purpose of t h i s  r e s e a r c h  i s  t o  develop a p r o p e l l a n t  l i n e d  launch 
tube t o  a c c e l e r a t e  a  p r o j e c t i l e  t o  h y p e r v e l o c i t y .  This  r e p o r t  summarized 
1 
t h e  r e s u l t s  t h a t  have been ob ta ined  s i n c e  t h e  f i r s t  r e p o r t  submi t t ed  i n  
March 1968. 
The major developments o f  t h e  re sear^ dur ing  t h i s  pe r iod  were: The 
devslopment o f  s t r a i n  gage i n s t r u m e n t a t i o n  t h a t  i n d i c a t e d  t h e  slow burn ing  
r a t e  o f  t h e  p r o p e l l a n t ;  t h e  subsequent  bench t e s t i n g  t h a t  found n i t r o c e l l u -  
l o s e  prevented  t h e  r a p i d  burning o f  a l l  f u e l  o x i d i z e r  p r o p e l l a n t  mix tu res ;  
and t h e  development of  mathematical  s o l u t i o n s  t h a t  w i l l  r e s u l t  i n  a b e t t e r  
unders tanding of  t h e  concept.  
Two new methods of  o b t a i n i n g  h y p e r v e l o c i t i e s  have been g iven s e r i o u s  
c o n s i d e r a t i o n  i n  t h e  l a s t  s e v e r a l  y e a r s .  One is t h e  method proposed by 
Physics  I n t e r n a t i o n a l  t o  a c c e l e r a t e  a  r e s e r v o i r  behind t h e  p r o j e c t i l e  
through t h e  mechanism of e x p l o s i v e l y  c o l l a p s i n g  a t h i n  tube.  Th i s  method 
has  m e t  w i t h  some s u c c e s s  b u t  a l s o  c o n t a i n s  many t e c h n i c a l  d i f f i c u l t i e s  
r e l a t e d  t o  t h e  p h y s i c a l  c o n s t r u c t i o n  and o p e r a t i o n .  One of  t h e  primary 
problems is t h a t  t h e  tube must b e  t h i n  enough t o  c o l l a p s e .  When i t  is 
t h i s  t h i n ,  t h e  p r e s s u r e  of t h e  gas behind t h e  p r o j e c t i l e  expands t h e  
tube and a l lows  blow by ar0ur.d the  p r o j e c t i l e .  Another problem i s  
c o n t r o l l i n g  t h e  v e l o c i t y  of  t h e  d e t o n a t i o n  o f  t h e  e x p l o s i v e  charge .  Even 
wi th  t h e s e  l i m i t a t i o n s  t h e  concept  shows promise of  exceeding c u r r e n t  
l i g h t  gas  gun v e l o c i t i e s .  
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S u p e r s c r i p t e d  numbers r e f e r  t o  References 
The p r o p e l l a n t  l i n e d  launch tube  concept  is somewhat comparable i n  
o p e r a t i o n .  The i n t e r n a l  p r o p e l l a n t  l i n i n g  forms t h e  w a l l s  of a  tube  
through which t h e  p r o j e c t i l e  t r a v e l s .  The l i n i n g  i s  f i l - ed  and t h e  re -  
s u l t i n g  gas fonns a  p i s t o n  d r i v i n g  a r e s e r v o i r  w i t h  t h e  p r o j e c t i l e .  A 
t h i c k  wal led  launch tube  r e s t r a i n s  t h e  p r o p e l l a n t  and holds  t h e  i n t e r n a l  
d iamete r  r e l a t i v e l y  c o n s t a n t .  The h igh  p r e s s u r e  behind t h e  p r o J z c t i l e  
i s  b e n e f i c i a l  i n  i g n i t i n g  and a c c e l e r a t i n g  t h e  burn ing  r a t e  of t h e  l i n i n g .  
The key elements  t o  t h e  s u c c e s s f u l  o p e r a t i o n  of  t h e  concept  a r e  t h a t  t h e  
i g n i t i o n  of  t h e  p r o p e l l a n t  be  timed by t h e  p r o j e c t i l e  passage  and t h a t  t h e  
r e a c t i o n  r a t e  of t h e  p r o p e l l a n t  b e  r a p i d  enough t o  main ta in  t h e  p i s t o n  
con ta in ing  t h e  b a s e  p r e s s u r e .  The s tudy  of t h e  c r i t i c a l  parameters  re- 
q u i r e s  b ~ t h  t h e o r e t i c a l  and exper imenta l  e v a l l - ? t i o n .  The o r i g i n a l  c a l -  
c u l a t i o n s  i n d i c a t e d  t h e  need f o r  microsecond i g n i t i o n  and a burning r a t e  
i n  t h e  o r d e r  of 250 meters p e r  second (10,000 inches  p e r  second).  W h i l e  
t h i s  bumj.ng r a t e  is  w e l l  below t h e  d e t o n a t i o n  v e l o c i t y  of most secondary 
e x p l o s i v e s ,  i t  i s  f a s t e r  than  most p r o p e l l a n t  burning r a t e s ,  which are 
t y p i c a l l y  1 t o  3 i n c h e s  p e r  second. However some new f u e l  m i x t u r e s ,  
r e c e n t l y  developed by t h e  McCormick Sel?h Com?any of H o l l i s t e r ,  C a l f o r n i a ,  
have i n d i c a t e d  burni-ng rates of 7,500-12,000 inches  p e r  second. These 
mix tu res  were suspended i n  a  n i t r o c e l l u l o s e  f i lmogen and used f o r  a number 
of  t e s t  s h o t s .  When i n c r e a s e s  i n  v e l o c i t y  were n o t  forth-coming, f u r t h e r .  
tests were made t o  de termine  i f  t h e  problcnl was i g n i t i o n  de lay  o r  burn ing  
r a t e .  The s t r a i n  gage ou tpu t  could b e  i n t e r p r e t e d  t o  show t h a t  t h e  burning 
r a t e  was t h e  problem. New t e s t s  were i n i t i a t e d  t o  measure burn ing  ;ate  and 
a change from n i t r o c e l l u l o s z  t o  a v i n y l  f i lmogen gave o r d e r  of magnitxde 
changes i n  burning rate. 
Considerable  e f f o r t  was expended t o  develop a  r a t i c  31 mathematical  
~ilodel of t h e  gas f low i n  t h e  launch tube.  I t  was d e s i r e d  t o  p r e d i c t  t h e  
p r o j e c t i l e  motion and launch tube  p r e s s u r e s  a s  a c c u r a t e l y  a s  p o s s i b l e .  It 
was a l s o  d e s i r e d  t o  be  a b l e  t o  determine t h e  e f f e c t  of t h e  many p o s s i b l e  
v a r i a t i o n s  i n  p r o p e l l a n t  and p r o j e c t i l e  parameters .  Compromises were 
made t o  a l low t h e  s tudy  of t h e  parameter  v a r i a t i o n s  by s a c r i f i c i n g  t h e  
accuracy of t h e  p h y s i c a l  modeling. Hopeful ly ,  t h i s  w i l l  l e a d  t o  t h e  
s e l - e c t i o n  of a few c o n f i g u r a t i o n s  t h a t  can then  b e  s t u d i e d  more e x a c t l y .  
The f u t u r e  r e s e a r c h  w i l l  u se  t h e  theory  t o  e s t a b l i s h  d e s i r e d  pro- 
p e l l a n t  p r o j e c t i l e  c o n f i g u r a t i o n s  i n  con junc t ion  w i t h  t e s t s  to  develop 
the  d e s i r e d  c h a r a c t e r i s  t i c s  of t h e  p r o p e l l a n t .  
CHAPTER I1 
The primary o b j e c t i v e  of  t h e  t h e o r e t i c a l  s t u d i e s  i s  t o  develop a 
r a t i o n a l  theory  of the  o p e r a t i o n  o f  t h i s  new concept  f o r  t h e  purpose of 
d i r e c t i n g  t h e  exper imenta l  program. A c o n s i d e r a b l e  expend i tu re  of t ime 
and thought has  gone i n t o  t h e  development o f  a  mathematical  theory  t h a t  
would a c c u r a t e l y  model t h e  p rocesses  t a k i n g  p l a c e .  Because of  t h e  com- 
p l e x i t y  of the  problem, a  u n i f i e d  theory  was n o t  s a t i s f a c t o r i l y  p o s t u l a t e d .  
It was decided t h a t ,  f o r  development purposes a t  t h i s  time, i t  would be  
more d e s i r a b l e  t o  develop a  t r a c t a b l e  model. The advantage o i  t h i s  
approach is t o  provide  pa ramet r i c  s t u d i e s  and determine  t h e  g ross  e f f e c t  
o f  t h e  v a r i a t i o n  of  a  l a r g e  number of parameters .  Two b a s i c  approaches 
have been taken.  The f i r s t  i s  t h e  assumption of  i d e a l  c o n d i t i o n s  t o  
o b t a i n  an upper l i m i t  on performance and t h e  second i s  t h e  assumption 
of a  s i m p l i f i e d  model t h a t  would p rov ide  lower bounds t o  t h e  s o l u t i o n  
w i t h  a  knowledge t h a t  gun performances shou ld  f a l l  between t h e s e  two 
t h e o r i e s .  Future  developments of t h e  theory  would b e  t o  r e f i n e  and 
improve t h e  s o l u t i o n s  t o  b r i n g  them c l o s e r  t o  t h e  a c t u a l  p h y s i c a l  
c h a r a c t e r i s t i c s  of t h e  concept .  
The f i r s t  approach was t o  assume t h a t  t h e  i n t e r n a l  p r o p e l l a n t  l i n i n g  
i g n i t e d  a s  a  f u n c t i o n  o f  t h e  p r o j e c t i l e  l o c a t i o n  and t h a t  t h e  r e l e a s e d  
gases  expanded forming ;1 s o l i d  w a l l  which a c t e d  as a  c o n i c a l l y  shaped 
1 
p i s  ton ,  I n i t i a l  parameter  v a r i a t i o n s  were r e p o r t e d  i n  t h e  Plarch 1968 r e p o r t  
and examined t h e  e f f e c t  of i g n t i o n  de lay  time and t h e  e f f e c t  of  t h e  d i s t a n c e  
of t h e  v i r t u a l  p i s t o n  behind t h e  p r o j e c t i l e .  An a n a l y s i s  was performed 
2 
by Watson, G i l l ,  and S t e e l  of Phys ics  I n t e r n a t i o n a l  t o  i n v e s t i g a t e  t h e  
p r o j e c t i l e  v e l o c i t i e s  t h a t  could be  ob ta ined  t h a t  i f  i t  v e r e  assumed t h a t  
the  cone formed by t h e  p r o p e l l a n t  gases  was c o n s t r a i n e d  t o  a  cone ang le  
determined by a  c o n s t a n t  v e l o c i t y  of the  p r o p e l l a n t  gases  and t h e  in -  
c r e a s i n g  v e l d c i t y  of the  p r o j e c t i l e .  T h e i r  a n a l y s i s  i n d i c a t e d  t h a t  i f  
mass could be added t o  the  cone on t h e  p r o j e c t i l e ,  from e i t h e r  ii t r a v e l i n g  
charge o r  due t o  j e t t i n g  of t h e  g a s e s ,  t h a t  h y p e r v e l o c i t i p s  would be  
achieved.  
Another approach was developed t h a t  would use  a  h i g h  speed computer 
t o  c a l c u l a t e  t h e  gas dynamic c h a r a c t e r i s t i c s  f o r  an e n t i r e  run  of  t h e  
p r o j e c t i l e  through t h e  launch tube.  I n  o r d e r  t o  o b t a i n  reasonab le  com- 
pu t ing  times a  one dimensional  code h a s  been eevcloped which i s  based 
on t h e  assumption t h a t  t h e  gases  developed by t h e  burn ing  p r o p e l l a n t  
completely mix w i t h  t h e  gas  i n  t h e  tube  wi thout  fonning a  p i s t o n .  The 
advantage of t h i s  program i s  t h a t  i t  a l lows t h e  s t u d y  of t h e  parameters  
of v a r i o u s  p r o p e l l a n t  c h a r a c t e r i s t i c s  and p r o j e c t i l e  c o n f i g u r a t i o n s .  The 
e f f e c t  of burning r a t e ,  burning tempera ture  , de lay  time, and t r a v e l i n g  
charge can a l l  b e  i n c o r p o r a t e d  i n t o  t h e  model. It does no t  account f o r  
any j e t t i n g  o r  any two dimensional  e f f e c t  t h a t  may b e  p r e s e n t .  A two 
dimensional  code was i n i t i a t e d  b u t  could  n o t  b e  used t o  o b t a i n  a  comple te .  
launch run because  of t h e  l a r g e  amount of c o r e  s t o r a g e  and computing tlme 
requi red .  I t  is  planned t o  use  a  one dimensional  c3de t o  make s t u d i e s  of  
t h e  e f f e c t s  of v a r i o u s  parameters .  The two dimensional  code w i l l  t hen  be 
r e f i n e d  t o  s tudy t h e  two dimensional  e f f e c t s  of the  more promising pro-, 
pel1.ant c o n f i g u r a t i o n  a t  s e l e c t e d  i n t e r v a l s  a long  t h e  launch tube.  
CHAPTER I11 
LAUNCH TUBE PRESSURE STUDIES 
S t r a i n  gages were mounted on t h e  o u t e r  s u r f a c e  of t h e  hyper- 
v e l o c i t y  launch tube  t o  o b t a i n  a r e l a t i o n s h i p  between t h e  p r e s s u r e  
developnlent and time due t o  t h e  gas r e l e a s e d  by t h e  rap id  burning 
p r o p e l l a n t  on t h e  i n n e r  s u r f a c e  of t h e  launch tube.  With t h e  tuLe 
behaving a s  a t l .msducer ,  t h e  e f f e c t s  of p r e s s u r e ,  h e a t  a d d i t i o n ,  and 
dynamics were measured. Through c o r r e c t  i n t e r p r e t a t i o n  of  t h e  d a t a ,  
t h e  s t r a i n  due t o  h e a t  a d d i t i o n  and dynamics were s e p a r a t e d  from t h e  
d a t a  and t h e  p r e s s u r e  was measured a s  a f u n c t i o n  of time. 
INSTRUMENTATION 
I n  o r d e r  t o  measure t h e  i n t e r n a l  p r e s s u r e ,  s t r a i n  gages were 
mounted on t h e  launch tube  i n  t h e  hoop d i r e c t i o n ,  The launch tube  
a c t e d  a s  a t r a n s d u c e r ,  w i t h  t h e  s t r a i n  r e s i s t a n c e  changes producing 
s i g n a l  changes p r o p o r t i o n a l  t o  t h e  p r e s s u r e .  The s t r a i n  gage s i g n a l  
was i n h e r e n t l y  weak, r e q u i r i n g  t h e  development of an a m p l i f i c a t i o n  
system. The s i g n a l  was a m p l i f i e d  and d i s p l a y e d  w i t h  an  o s c i l l o s -  
cope. The v o l t a g e  changes were recorded on a s t o r a g e  type  cathode 
ray  s c r e e n  and a photograph was t aken  o f  t h e  t r a c e  f o r  permanent 
d a t a  recording.  C i r c u i t s  f o r  t h e  i n s t r u m e n t a t i o n  a r e  p resen ted  i a  
Appendix I. 
Two types  of s t r a i n  gages were employed on t h e  launch tube:  A 
f o i l  type ,  SR-4, Type FAE-03G-12S9 and a semiconductor  t y p e ,  SPB2-12- 
100C6. The s t r a i n  gages were mounted i n  t h e  c i r c u m f e r e n t i a l  o r  hoop 
d i r e c t i o n .  Two s t r a i n  gages were mounted a t  each s t a t i o n  t o  mu l t i p ly  
t he  s t r a i n  readings  by a f a c t o r  of  two f o r  a  g r e a t e r  a m p l i f i c a t i o n  
of t h e  reading.  The f i r s t  d a t a  s t a t i o n  i s  twelve inches  down t h e  tube  
and des ignated  gage #12, A semiconductor s t r a i n  gage is  nounted f i v e  
inches  i n  f r o n t  of gage 812 t o  t r i g g e r  t h e  sweep of t he  o sc i l l o scopes .  
The second s t a t i o n  of t he  f i v e  f o o t  tube  is  fo r ty -e igh t  iilches down- 
s t ream and des ignated  gage #48. 
To amplify the  vo l t age  change ou t  of t h e  wheatstone b r i d g e ,  a 
pA702A Res i s tance  Bridge Ampli f ier  is  used. The a m p l i f i e r  has  d e s i r -  
a b l e  c h a r a c t e r i s t i c s  f o r  measuring t h e  s t r a i n  on the  launch tube .  
The ga in  of t h e  a m p l i f i e r  is 470:l .  
For d a t a  record ing ,  t h r e e  Hewlett-Packard 14JA dua l  t r a c e  s t o r a g e  
Osc i i loscopes  were used. Three scopes  were needed. One f o r  each of t h e  
two s t r a i n  gage s t a t i o n s  snd ano ther  scope was used t o  r e l a t e  v e l o c i t y  
and p o s i t i o n  of t he  p r o j e c t i l e .  Thp scopes  were g e n e r a l l y  set  us ing  
chopped mode t o  o b t a i n  dua l  t r a c e s .  Sweep speed was set f o r  0.2 
cm/mil l isecond.  The s e n s i t . i v i t y  g e n e r a l l y  was set a t  0.2 vol ts /cm.  
The s t r a i n  gage c i r c u i t  was c a l i b r a t e d  both s t a t i c a l 1 1  and elec- 
t r i c a l l y .  The system was s t a t i c a !  l y  c a l i b r a t e d  by p r e s s u r i z i n g  a t- lbe.  
The e l e ~ t r ~ c a l  c a l i b r a t i o n  was performed by p a r a l l e l i n g  r e s i s t o r s  a c r o s s  
t he  s t r a i n  gages,  t hus  s i n u l a t i n g  t h e  r e s i s t a n c e  change due t o  s t r a i n .  
EXPEKIMENTAL TESTS 
Tes t s  were run us ing  va r i ous  p r o p e l l a n t s ,  i g n i t i o n  charges ,  p r o j e c t i l e s ,  
and p r o p e l l a n t  th icknesses .  A t y p i c a l  t r a c e  is i l l u s t r a t e d  i n  Figure  111.1, 
The t r a c e  of gage #12 is t h e  upper t r a c e  and begins  on the  r e f e r ence  l i n e  
wi th  zc ro  s t r a i n .  It remains zc ro  f o r  120 microseconds. A t  t h i s  po in t  
t h e  p r o j e c t i l e  passes  gage /I12 and t h e  s t r a i n  gages r e a c t  by d e f l e c t i n g  
Figure  111.1: Gage P 12  and 48  t r a c e  
w i t h  3 i n / s e c .  burn ing  
r a t e  p r o p e l l a n t .  
F igu re  111.2 : Gage !I12 and !I48 t r a c e  
w i t h  30 i n / s e c .  bu rn ing  
rate p r o p e l l a n t .  
upward O.lcm, which is  the  s t r a i n  caused by the  base pressure  on the  pro- 
j e c t i l e .  With time the  s t r a i n  cont inues  t o  increase  wi th  i nc reas ing  
pressure  wi th in  the  tube. Af te r  1.2 mil l i seconds the  thermal s t r a i n  
appears on the  e x t e r i o r  sur face  of the  tube. This  is the  time t h a t  the  
prope l lan t  s e rves  a s  an i n s u l a t o r  between the  ho t  gases and the  launch 
tube wal l ,  The thermal s t r a i n  i s  seen a s  another  d e f l e c t i o n  i n  the  t r ace .  
The lower t r a c e  on the  f i g u r e  is gage #48. The s t r a i n  remains a t  t he  zero 
l e v e l  u n t i l  the  passage of the  p r o j e c t i l e ,  a t  which t i m e  t he  s t r a i n  gages re- 
a c t  by d e f l e c t i n g  downward s i n c e  the  t r a c e  on the  o sc i l l o scope  w a s  
inver ted  f o r  convenience. The osc i l l o scope  s e n s i t i v i t y  was set a t  
0.2 volts/cm, t he re fo re  one cent imeter  d e f l e c t i o n  r ep re sen t s  100 i n / i n  
microst ra in .  
Figure 1 is  a  pressure  t r a c e  of a  p rope l l an t  burning i n  t he  hyper- 
v e l o c i t y  launch tube wi th  a long i tud ina l  burni-ng r a t e  of approximately 
3 i c / s ec .  Figure 111.2 d e p i c t s  a  p ressure  t r a c e  of a p rope l l an t  wi th  
a  burning r a t e  of approximately 30 i n / s e c ,  o r  t e n  t i z e s  t h a t  of tFie . 
prope l lan t  used i n  the  t e s t  of Figure 111.1. The pressure  d e v e l o p ~ ~ s n t  
is a  funct ion of the  burning r a t e ,  t he re fo re  the  t i m e  requ i ied  t o  
reach maximum pressure  i s  longer  f o r  t h e  slower burning p rope l l an t .  The 
required time f o r  p ressure  development can be found by consider ing the  
s lopes  of the  s t r a i n  t r a c e s .  Figure 111.1 shows a  jump i n  t r a c e  a s  pre- 
v iously  discussed,  whereas i n  Figure TII .2 ,  t he  i n i t i a l  d e f l e c t i o n  has  
a  curved d e f l e c t i o n .  The curved d e f l e c t i o n  is  due t o  t h e  p rope l l an t  
i g n i t i n g  i n  f r o n t  of the  p r o j e c t i l e ,  thus  t he  jump i n  t r a c e  due t o  
base pressure is  not seeq. Considering the  s lopes  a f t e r  t h e  i n i t i a l  
de f l ec t ion  i n  Figures 111.1 and 111.2, t he  r e s u l t s  confirm the  burning 
r a t e  data.  Figure 111.1 shows a smal le r  s lope  with t he  slower b.urning 
prope l lan t  and Figure 1 1 1 . 2  shows a l a r g e r  s lope  wi th  a f a s t e r  burn- 
ing  prope l lan t .  
DISCUSSIOK OF PRESSURE DETEP21INATION BY U S I N G  STRAIN GAGES 
It is  f e a s i b l e  t o  use s t r a i n  gages mounted on t h e  e x t e r n a l  su r f ace  
of the  lauilch tube t o  measure the  i n t e r n a l  p ressure  behind t h e  pro- 
j e c t i l e .  The s t r a i n  recorded on the  e x t e r n a l  s u r f a c e  is produced by 
pressure ,  hea t  add i t i on  and dynamic response. With c o r r e c t  i n t e r p r e -  
t a t i o n  the  s t r a i n  produced by each e f f e c t  can be  found. The frequency 
of t he  dynamic s t r a i n  waves w i l l  cancel  themselves a t  p r o j e c t i l e  v e l o c i t i e s  
l e s s  than the  son ic  s p t d  nf t he  launch tube. A t  g r e a t e r  v e l o c i t i e s  
t h e  dynamic s t r a i n  must be  considered.  Pcr t he  c u r r e n t  d a t a ,  t h e  
dynamic s t r a i n  does no t  appear on t h e  s t r a i n  t r ace .  The magnitude of  
t he  thermal s t r a i n  was found t o  be n e g l i g i b l e  dur ing t h e  f i r s t  1OOO 
microseconds a f t e r  t he  passage of t h e  p r o j e c t i l e  where t h e r e  is a 
slow burning r a t e  of t h e  prope l lan t .  With t he  e f f e c t s  of hea t  add i t i on  
and dyanmics e l iminated from t h e  osc i l l o scope  d a t a  t r a c e ,  the  s t r a i n  
was assumed t o  be  due only t o  i n t e r n a l  p ressure  f o r  t he  Zirst 1000 micro- 
seconds of da t a  recording.  
The pressure  d a t a  has two regions.  The f i r s t  is i n  t he  a r e a  of  
i n i t i a l  s t r a i n  recording.  I n  t h i s  a r ea  t he  s t r a i n  is produced by t h e  
pressure  d i r e c t l y  behind the  p r o j e c t i i e .  The i n i t i a l  d e f l e c t i o n  w i l l  
produce a jump i n  t he  t r a c e  f o r  h igh  base pressures  and jump w i l l  be  
l a r g e r  f o r  g r e a t e r  p ressures .  A c o r r e l a t i o n  has  no t  been e s t ab l i shed  
between t h e  jump i n  t he  da t a  t r a c e  and the  v e l o c i t y  of t h e  sho t  due t o  
l imi t ed  t e s t  r e s u l t s .  However, t h e  jump i n  t h e  d a t a  t r a c e  is  r e l a t e d  
t o  t h e  base pressure .  The second a r e a  begins a t  t h e  po in t  where t h e  
s t r a i n  t r a c e  assumes a d e f i n i t e  s lope .  It has been found t h a t  when tbe 
s l o p e  is l a r g e  i t  is accorpanied  by a junp i n  t r a c e ,  i n d i c a t i n g  a large 
b a s e  p ressure .  'ihe maximum d e f l e c t i o n  of t h e  s t r a i n  t r a c e  i n  t h i s  
a r e a  d e f i n e s  t h e  v a l u e  of u l t i m a t e  p r e s s u r e .  The u l t i m a t e  p r e s s u r e  d a t a  
can be  used t o  f i n d  t h e  gas volume produced by t h e  t h i n  f i l m  p r o p e l l a r t .  
A s  s t a t e d ,  t h e  i n i t i a l  d e f l e c t i o n  is produced by t h e  p r e s s u r e  
d i r e c t l y  b ~ h f n d  t h e  p r o j e c t i l e .  With t h i s  knowledge s t r a i n  gages 
mounted t o  the e x t e r n a l  s t r f a c e  can r e l a t e  t h e  p o s i t i o n  of t h e  pro- 
j e c t i l e  a t  v a r i c u s  times w i t h i n  t h e  launch tube .  Average v e l o c i t i e s  
of t h e  p r o j e c t i l e  can be ob ta ined  between s t r a i n  gage s t a t i o n s .  
CHAPTER IV 
PROPELLANT STUDIES 
An i n t e n s i v e  propel lar l t  s tudy has  begun over  t h e  p a s t  s i x  months. 
- 
Three a r e a s  of i r l ve s t i ga t i on  a r e  being considered wh i l e  s tudy ing  t h i n  
f i l m  p r o p d l a n t s .  These a r e a  a r e :  I g n i t i o n  t i m e ,  l o n g i t u d i n a l  burn- 
ing  r a t e  and normal burn ing  r a t e .  I n s t rume l~ t a t i on  t o  s t ud y  t h e  a r e a  
of l o n g i t u d i n a l  burning r a t e  has  been b u i l t .  Ins t rumenta t ion  t o  s t udy  
t h e  o t h e r  two a r e a s  is be ing  designed.  P re l iminary  l o n g i t u d i n a l  burn- 
i ng  r a t e  tests were conducted w i th  s e v e r a l  v a r i a b l e s  be ing  in t roduced  
i n  t h e  p rope l l an t .  The v a r i a b l e s  found t o  most e f f e c t  t5c burn ing  rate 
a r e :  fi lmogen m a t e r i a l ,  f u e l / o x i d i z e r  r a t i o s  and m a t e r i a l s ,  f r i c t i o n  
m a t e r i a l ,  and p r o p e l l a n t  th ickness .  
INSTRUEiENTATION 
To test t h e  l o n g i t u d i n a l  burning r a t e  of  t h e  p r o p e l l a n t ,  two d i f -  
f e r e n t  types  of  t e s t  appara tus  were developed. The f i r s t  measured 
v e l o c i t y  of  t he  burning was made by t h e  u se  of  i o n i z a t i o n  gages. The 
i o n i z a t i o n  gages were made of  two s t r a i g h t  need les  p laced p a r a l l e l  and 
i n s u l a t e d  from each o t h e r .  The need les  were . I25  inches  a p a r t  and 
a t  an e l e v a t i o n  of . I25  inches  above t h e  s u r f a c e  o f  t h e  p r o p e l l a n t .  The 
p r o p e l l a n t  w a s  coated  on a  s t e e l  coupon i n  a  s t r a i g h t  s t r i p  by t h e  use  
of masking t ape ,  The s t r i p s  of  p r o p e l l a n t  were .25 inches  wide and 
s i x  inches  long,  One end was t apered  t o  a  po in t  i n  o r d e r  t o  g ive  t h e  
burning a pe rpend icu la r  flame f r o n t  a f t e r  i g n i t i o n .  The t h i cknes s  of  
t h e  p r o p e l l a n t  ranged from .003 t o  .020 inches ,  
A s  t h e  p r o p e l l a n t  f l a w  f r o n t  passed t h e  i o n i z a t i o n  gages t h e  
i o n i z e d  gas of  t h e  flame f r o n t  completed t h e  c i r c u i t  a c r o s s  t h e  gages. 
The v o l t a g e  change was recorded on a d u a l  t r a c e  o s c i l l o s c o p e .  Three 
i o n i z a t i o n  gages were mounted above t h e  coupcn a t  i n t e r v a l s  of  two 
inches .  The f i r s t  was used a s  a t r i g g e r  gage f o r  t h e  o s c ~ l l o s c o p e .  
The remaining two were used a s  d a t a  s t a t i o n s .  With t h e  d i s t a n c e  be- 
tween t h e  gages b e i n g  known and t h e  time a t  which t h e  f lame f r o n t  
passed t h e  two i o n i z a t i o n  gages (obta ined from t h e  o s c i l l o s c o p e )  
t h e  l o n g i t u d i n a l  v e l o c i t y  o r  burn ing  r a t e  o f  t h e  p r o p e l l a n t  i s  found. 
See F igure  I V . l  f o r  a  t y p i c a l  t r a c e .  
A more s a t i s f a c t o r y  a p p a r a t u s  was developed us ing  photodiodes 
as d a t a  sensors .  Assoc ia ted  w i t h  t h e  flame f r o n t  is a s u b s t a n t i a l  
amount of l i g h t  which can b e  d e t e c t e d  by a photodiode.  The photo-  
d iodes  were placed a t  one end of  a  hypodermic need le .  The n e e d l e s  were 
used t o  c o l l i m a t e  t h e  l i g h t  s o  t h a t  t h e  d iode  would on ly  s e e  a  p o i n t  
s o u r c e  o f  l i g h t .  The end o f  t h e  need les  were a t  a n  e l e v a t i o n  of  .125 
inches  above t h e  p r o p e l l a n t .  The i n s i d e  d iamete r  of t h e  hypodermic 
n e e d l e s  was .008 inches .  The p r o p e l l a n t  coupon w a s  made i n  t h e  same 
manner a s  those  made f o r  t h e  t e s t s  performed w i t h  t h e  i o n i z a t i o n  gages. 
The d iodes  were p laced a t  two inch.  i n t e r v a l s  and t h e i r  d a t a  was re-. 
corded on t h e  o s c i l l o s c o p e .  The l o n g i t u d i n a l  burn ing  r a t e  was ob ta ined  
i n  t h e  same manner a s  desc r ibed  i n  t h e  d i s c u s s i o n  of t h e  i o n i z a t i o n  
gages.  See Figure  IV.2 f o r  2 t y p i c a l  t r a c e .  
The photodiode s enso r s  were found t o  be  more r e l i a b l e  and recorded 
a  more readab le  t r a c e .  The i o n i z a t i o n  gages recordeb t h e  v a r i a t i o n s  
i n  t h e  i o n i z a t i o n  of  t h e  flame f r o n t ,  t h e r e f o r e ,  t h e  t r a c e s  were very 
i r r e g u l a r .  The photodiode c i r c u i t s  record  ze ro  l i g h t  o r  maximum l i g h t  
wi th  no i n t e rmed ia t e  l e v e l ,  t h e r e f o r e ,  t h e  d a t a  t r a c e s  were s t r a i g h t  
l i n e s ,  The response  t i n e  of t h e  photodiodes was found t o  be ve ry  f a s t ,  
less than one microsecond. Both t h e  photodiode and i o n i z a t i o n  gages 
were found t o  c o l l e c t  p r o p e l l a n t  r e s i d u e ,  bu t  bo th  could be  c leaned 
e a s i l y  a f t e r  each test .  
The photodiode t e s t  appara tus  was chosen f o r  a l l  f u r t h e r  long i -  
t u d i n a l  burning r a t e  t e s t s  because of  t h e  c l e a r e r  d a t a  t r a c e s  and 
g r e a t e r  r e l i a b i l i t y .  
A photodiode test  appara tus  t o  be p laced i n  a  vacuum i s  be ing  
designed.  This  would g ive  t h e  c a p a b i l i t y  of  s tudy ing  p r o p e l l a n t  
burning race  under a vacuum t o  which p r o p e l l a n t  i s  sub j ec t ed  p r i o r  t o  
f i r i n g  i n  t h e  v e l o c i t y  launch tube.  
Other  t e s t  appara tus  des igns  f o r  i g n i t i o n  de l ay  t i m e  and normal 
burning r a t e  a r e  be ing  t r i e d .  One a t t empt  was a system which used 
t h e  shock tube  a t  Texas A&M Univers i ty .  The shock i g n i t e d  t h e  pro- 
p e l l a n t .  Ins t rumenta t ion  on t h e  shock tube  gave t h e  time of  impact ,  
and by us ing  h e a t  t r a n s f e r  gages and a  Hopkinson b a r  arrangement,  t h e  
i g n i t i o n  de lay  t i m e  and t h e  normal burning r a t e  were t o  be ob ta ined .  
However, t h e  geometry of t h i n  p r o p e l l a n t s  r e q u i r e s  such smal l  h e a t  
t r a n s f e r  gages t h a t  t h e  i d e a  was shelved.  
Also under cons ide r a t i on  a r e  h igh speed movies of t h e  p r o p e l l a n t  
burning.  This  could l e ad  t o  informat ion about t h e  normal burning r a t e .  
Figure l\T.l: Ionization Gage D a t a  t r a c e  
F i g u r e  11'. 2 : P h o t o d i o d e  Data Trace 
FUEL/OXIDIZER STUDIES 
Two p r i n c i p l e  o x i d i z e r  m a t e r i a l s  have been t e s t e d .  One is 
ammonium pe rch lo rn t e ,  KH4CLO4, and t h e  o t h e r  potassium n i t r a t e ,  
KN03. Ammonium p e r c h l o r a t e  was d i sca rded  when i t  was foimd t h a t  t h e  
- 
burning r a t e  s i g n i f i c a n t l y  decreased when burned i n  a  nea r  vacuum 
atmosphere.3 It was a l s o  l ea rned  from t h e  same source  t h a t  s vacuum 
atmosphere d id  no t  e f f e c t  t h e  burning r a t e  of  potassiuni n i t r a t e .  
Therefore ,  t h e  burning r a t e  s t u d i e s  were performed us ing  potassium 
n i t r a t e  a s  t h e  o x i d i z e r .  The percentage  of  t h e  f u e l / o x i d i z e r  i n  
t h e  mixture  was one v a r i b l e  t e s t e d .  The percentages  va r i ed  from 23% 
t o  75% of t h e  t o t a l  p r o p e l l a n t  mixture .  See Table  1V.A  f o ~  r e s u l t s  
of t e s t s .  Two types  of f u e l  m a t e r i a l s  used were monopropellants  man- 
u fac tu red  by McCormick-Selph and have i d e n t i f i c a t i o n  numbers 104 and 
164. Both were used t o  i n c r e a s e  t h e  burn ing  rate of o t h e r  o x i d i z e r  
type  compounds. Type 104 is  recommended as t h e  f a s t e r  o f  t h e  two, b u t  
less s e n s i t i v e .  Both were d i s so lved  w i t h  potassium n i t r a t e  (without  
filmogen) and allowed t o  dry  i n  a  -25  i nch  deep trough.  The monopro- 
p e l l a n t s  were mixed w i th  t h e  o x i d i z e r s  i n  r a t i o s  of 3 : l  and 1:l. Ion i -  
z a t i o n  gages were used f o r  t h e  v e l o c i t y  record ings .  The burn ing  rates 
obta ined were i n  agreement w i th  t h e  burning r a t e s  claimed by t h e  manu- 
f a c t u r i n g  company. The 1:l mixture  was found t o  be  a f a s t e r  burn ing  
mixture. Sce t a b l e  1 V . B .  Also i d e n t i c a l  mixtures  produced vary ing  
v e l o c i t y  recordings .  A l l  dry mix tu res ,  wi thout  f i lmogen,  t e s t e d  had 
burning r a t e s  i n  t h e  range of  200 i p s  t o  8000 i p s .  Probable  f a c t o r s  
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age of monopropellant ,  humidity,  t e n p e r a t u r e ,  s u r f a c e  smoothness, de- 
g r ee  t o  which t h e  compound was mixed, a ~ d  ry ing  t i m e .  The 1:l mix ture  
was recommended f o r  f a s t e r  burning r a t e s  by t h e  manufacturer  and was 
s u b s t a n t i a t e d  by our  tests. There fore ,  t h e  m o n o p r o p e l l a ~ t  was added t o  
t h e  o x i d i z e r  i n  a 1:l r a t i o  f o r  a l l  f u r t h e r  t e s t s ,  
FImOGEN STUDIES 
The most c r i t i c a l  parameter  e f f e c t i n g  t h e  burning r a t e  was found 
t o  be  t h e  type  and amount of f i lmogen m a t e r i a l  used. Two types  o f  
filmogen b fnders  have been t e s t e d  t o  d a t e .  They are n i t r o c e l l u l o s e  
and po lyv iny lch lo r ide .  The amount of  filmogen added t o  t h e  p r o p e l l a n t  
mix tu res  were v a r i e d  f o r  t h e  l o n g i t u d i n a l  burning r a t e  tests. 
F i r s t  considered was n i t r o c e l l u l o s e .  With a 25% mix ture  i t  was 
found t h a t  t h e  p r o p e l l a n t  would spa rk  unzer  t h e  p o i n t  where i g n i t i o n  
energy was app l i ed ,  bu t  t h e  p r o p e l l a n t  would no t  propagate  a flame. 
By reducing t h e  amount of  n i t r o c e l l u l o s e  t h e  p r o p e l l a n t  would propa- 
g a t e  a flame f r o n t  and t h e  v e l o c i t y  of t h e  flame f r o n t  was i nc r ea sed  
w i t h  t h e  decrease  i n  percentage  o f  n i t r o c e l l u l o s e .  With 5% n i t r o -  
c e l l u l o s e  t h e  p r o p e l l a n t  would no t  adhere  t o  a metal su r f ace .  It was 
found t h a t  a minimum of 10% filmogen was r equ i r ed  t o  c o a t  t h e  s t a i n l e s s  
s tee l  tubes  used f o r  t h e  hyperve loc i ty  launch tube .  For less t han  
t h i s  percentage ,  t h e  p r o p e l l a n t  would f l a k e  o f f  t h e  s u r f a c e .  For t h e  
v e l o c i t y  range ve r su s  percentage  of  t h e  b i n d e r ,  see Table 1V.C. 
A second filmogen t e s t e d  was po lyv iny l ch lo r i de  recommended by 
Rocketdyne. It was recommended t h a t  a mixture  of  15% b e  used. 
Va r i a t i ons  i n  t h e  pe rcen tages  were t e s t e d  and aga in  i t  was found t h a t  
as t h e  filmogen percen tage  was decreased t h e  burn ing  r a t e  was inc reased .  
The minimum percentage  of  filmogen t h a t  had adhes ive  p r o p e r t i e s  w a s  5%, 
a l though t h i s  low a percentage  o f  filmogen was n o t  d e s i r e a b l e  i n  coat -  
TABLE 1V.C 
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i ng  a hyperveloci ty  launch tube because the  p rope l l an t  would f lake ,  
Ten percent  b inder  was found t o  be  a s u i t a b l e  mixture t o  coat  a launch 
tube. The type of s loven t  used a l s o  may have e f f e c t e d  t h e  burning r a t e  
i n  an i n d i r e c t  way. Butyl a c e t a t e  was found t o  g ive  a b e t t e r  mixture 
consistency.  Acetone had o r g i n a l l y  been recommended a s  t h e  s o l v e n t ,  
bu t  the  monopropellant ma te r i a l  lumped. 
The Polyvinylchlor ide  filmogen has proved t o  be  the  most s u i t -  
a b l e  filmogen of t h e  two. It coa t s  as w e l l  a s  n i t r o c e l l u l o s e  and has  a 
h igher  burning r a t e  than n i t r o c e l l u l o s e  f o r  t h e  same percentage and pro-. 
p e l l a n t  thickness.  
THICKNESS STUDIES 
The l i t e r a t u r e  concerns i t s e l f  wi th  c a s t  p rope l l an t s  o r  very t h i c k  
l a y e r s  i n  t h e  o rde r  of inches.  There is a l a c k  of l i t e r a t u r e  on t h i n  
f i l m  p rope l l an t  burning rates. The l i t e r a t u r e  does,  however, i n d i c a t e  
t h a t  a s  t h e  th ickness  of t h e  p rope l l an t  decreases ,  t h e  burning r a t e  w i l l  
do l ikewise .  The tests performed have subs t an t i a t ed  t h i s  f a c t .  Over 
a range of th ickness  of t h r e e  t o  twenty m i l s ,  t h e r e  is a wide range of  
burning r a t e s .  For t h e  t h i c k e r  c o a t s ,  i.e. twenty m i l s ,  t h e  coa t ing  
techniques var ied .  Twenty m i l s  could be  obtained withone t o  t h r e e  coa ts .  
There d i d  no t  seem t o  be any v a r i a t i o n  i n  burning r a t e  due t o  number of 
coa t s  required t o  give  a des i r ed  th ickness .  For th ickness  versus  burning 
rate s e e  Table 1V.A and 1V.C.  
ADDITIVES 
Two c l a s s e s  of a d d i t i v e s  a r e  being t e s t e d .  One is t h e  add i t i on  of 
explosives ,  bo th  primary and secondary. The o t h e r  type of a d d i t i v e  
is a f r i c t i o n  m a t e r i a l  o r  hard ,  sharp  ma te r i a l s .  Tests a r e  being per- 
formed on types  of  a d d i t i v e s  and percentages of add i t i ves .  
Two explosive  type a d d i t i v e s  have been t e s t e d .  RDX was added and an 
inc rease  i n  gas volume was expected and obtained.  This f a c t  was observed 
by placing t h e  t e s t  coupon i n  a  hood and q u a n t i t a t i v e l y  comparing t h e  
smoke generated. The RDX a i d  not  e f f e c t  t he  burning r a t e  s i g n i f i c a n t l y .  
The o the r  explosive  m a t e r i a l  added was l e a d  az ide .  This m a t e r i a l  was 
expected t o  i nc rease  t h e  s e n s i t i v i t y 6  which i t  did .  However, i t  d id  
not  e f f e c t  t h e  burning r a t e .  The burning r a t e  versus  percentage of  
explosives  added may be found i n  Table 1V.A. 
The second type of a d d i t i v e  i s  m a t e r i a l  t o  i nc rease  t he  f r i c t i o n a l  
c h a r a c t e r i s t i c s  of t he  prope l lan t .  This type of  a d d i t i v e  is made up 
of such ma te r i a l s  as powdered g l a s s ,  sand,  and aluminum. Tes t s  f o r  
t h e  e f f e c t s  of t h i s  type of a d d i t i v e  have no t  been conclusive .  
IGNITION TESTS 
Designs a r e  being considered f o r  determining t h e  amount of energy 
required t o  i g n i t e  t he  t h i n  f i l m  p rope l l an t .  The des igns  inc lude  drop 
t e s t s ,  shock tube impacts, h e a t ,  exploding wi re s ,  and f r i c t i o n a l  devices.  
A t  p resen t ,  i g n i t i o n  c h a r a c t e r i s t i c s  a r e  t e s t e d  by s t r i k i n g  t h e  
coupon wi th  a hammer, s c r a t ch ing  coupons wi th  i r o n  p o i n t s ,  nylon and 
aluminum rods ,  hea t ing  wi th  so lde r ing  i r o n  and i g n i t i n g  wi th  a gun 
powder fuse .  Of t hese  named methods, a l l  except t h e  nylon rod have 
been success fu l  i n  i g n i t i n g  t h e  p rope l l an t  coupons. 
CONCLUSIONS OF PRESENT PROPELLANT STUDIES 
The t h r e e  p r i n c i p l e  a r e a s  of i n v e s t i g a t i o n  are i g n i t i o n  c h a r a c t e r i s t i c s ,  
b 
l ong i tud ina l  burning r a t e  and normal burning r a t e .  The f u e l / c x i d i z e r  
being t e s t e d  has a  burning r a t e  be l ieved  t o  be r e l a t i v e l y  unaffected by 
vacuum pressures .  The manopropellant ma te r i a l  i nc reases  t he  burning rate 
of t h e  fue l /ox id i ze r  compound, and a  1:l mixture was found most e f f e c t i v e .  
The amount of filmogen and t h e  t h i cknes s  o f  t h e  p r o p e l l a n t  a r e  t h e  
two g r e a t e s t  f a c t o r s  e f f e c t i n g  t h e  l o n g i t u d i n a l  burn ing  r a t e  of t h e  
t h i n  f i lm  p r o p e l l a n t s .  A dec rease  i n  filmogen i n c r e a s e s  t h e  burning 
r a t e .  The burn ing  rate i n c r e a s e s  w i th  an  i n c r e a s i n g  f i l m  t h i cknes s .  
Po lyv iny lch lo r ide  filmogen was found t o  be t h e  l e a s t  i n h i b i t i v e  and 
a  mixture  of  10  t o  15% i s  most f e a s i b l e  f o r  coa t i ng  t h e  launch tube .  
Addi t ives  can b e  mixed w i t h  t h e  p r o p e l l a n t  t o  i n c r e a s e  t h e  s e n s i t i -  
v i t y  wi thout  s lowing t h e  burning r a t e .  The l o n g i t u d i n a l  burn ing  rate 
t e s t  y i e l d s  a wide range of burn ing  r a t e s  f o r  each t ype  of  p r o p e l l a n t  w i th  
i d e n t i c a l  t h i cknes s .  This  l e a d s  t o  t h e  conclus ion t h a t  a  sma l l  v a r i -  




The o r i g i n a l  concept of  t h e  p r o p e l l a n t - l i n e d  launch tube  was t o  
have t h e  p r o j e c t i l e  i n t r o d u c e  s u f f i c i e n t  energy t o  i g n i t e  t h e  pro- 
p e l l a n t  i n  t h e  b e l i e f  t h a t  t h e  i g n i t i o n  de lay  t i m e  would keep t h e  burn- 
1 
i n g  f r o n t  behind t h e  p r o j e c t i l e .  A s  r e p o r t e d  i n  t h e  1968 r e p o r t  i t  
was found t h a t ,  when t h e  f r i c t i o n  was s u f f i c i e n t  t o  i g n i t e  t h e  p r o p e l l a n t ,  
t h e  i g n i t i o n  de lay  t ime was s o  s h o r t  t h a t  i g n i t i o n  ocurred  a t  t h e  nose 
tangency of t h e  p r o j e c t i l e .  
Two approaches were taken t o  s o l v e  t h e  problem o f  us ing  t h e  pro- 
j e c t i l e  to  i g n i t e  t h e  p r o p e l l a n t  and y e t  t o  keep t h e  burn ing  behind 
t h e  p r o j e c t i l e .  One approach was t h e  thermal  i g n i t e r .  The i d e a  was t o  
use  a  t r a v e l i n g  charge a s  a  h e a t  p u l s e  t o  i g n i t e  t h e  p r o p e l l a n t .  This  
has  t h e  added c h a r a c t e r i s t i c  of supp ly ing  some gas  on t h e  b a s e  of  t h e  
p r o j e c t i l e  moving a t  p r o j e c t i l e  speeds .  A v a r i a t i o n  of t h i s  concept  
may be  r e q u i r e d  t o  p rov ide  gas  i f  t h e  p r o p e l l a n t  gases  mix w i t h  t h e  
t r a v e l i n g  r e s e r v o i r  a s  d i s c u s s e d  i n  Chapter  11. 
Consu l t a t ion  wi th  t h e  D i r e c t o r  o f  t h e  Thermodynamics Research 
Center  a t  Texas AbM U n i v e r s i t y  r e s u l t e d  i n  t h e  b e l i e f  t h a t  t h e  h e a t  
p u l s e  of a  t r a v e l i n g  charge  was probably i n s u f f i c i e n t  t o  p rov ide  ig-  
n i t i o n  wi thout  de lay .  Because p rev ious  tests w i t h  f r i c t i o n  had i n d i -  
ca ted  immediate i g n i t i o n ,  i t  was decided t o  develop a  p r o j e c t i l e  t h a t  
would have a p l a s t i c  forebody and s e a l ,  i n  a proven c o n f i g u r a t i o n ,  b u t  t o  
a t t a c h  a  m e t a l l i c  a f  terbody t h a t  would f i r e  t h e  p r o p e l l a n t  by f r i c t i o n .  
S e v e r a l  of t h e  c o n f i g u r a t i o n s  t h a t  have been t e s t e d  a r e  shown i n  
Figure V . 1 .  A p l a s t i c  p r o j e c t i l e ,  a  t r a v e l i n g  charge and t h r e e  p r o j e c t i l e s  
us ing  f r i c t i o n  r i n g s  a r e  ~hown.  The d e s i g n s  were s e l e c t e d  f o r  t h e i r  
v i b r a t i o n a l  c h a r a c t e r i s t i c s .  C a n t i l e v e r  s t r i k e r s  were o r i g i n a l l y  
p o s t u l a t e d ,  b u t  a n a l y s i s  of t h e  v i b r a t i o n a l  modes i n d i c a t e d  t h a t  t h e  
end of t h e  c a n t i l e v e r  would swing away from t h e  s u r f a c e  and t h e  
n a t u r a l  frequency would c a r r y  i t  back s o  t h a t  i t  would s t r i k e  once 
every f o o t  i f  t h e  p r o j e c t i l e  was t r a v e l i n g  a t  10,000 f e e t  p e r  second. 
The s i t u a t i o n  would become worse a t  h i g h e r  v e l o c i t i e s .  The r i n g  con- 
f i g u r a t i o n  wi th  i t s  very h i g h  n a t u r a l  f r e q u e n c i e s  and l i m i t e d  d e f l e c t -  
i o n  c h a r a c t e r i s t i c s  w i l l  p rov ide  c o n s t a n t  c o n t a c t  and i g n i t i o n .  
The problem wf t h  t h i s  type  of  i g n i t e r  i s  t h e  s t r u c t u r a l  f a i l u r e  
of t h e  a t tachment .  Subsequent a n a l y s i s  i n d i c a t e d  t h a t  b e t t e r  geometry 
could  improve t h e  s t r e n g t h  b u t  i t  i s  s t i l l  s t r e s s e d  n e a r  t h e  maximum 
stress o f  t h e  m a t e r i a l .  
A s e a r c h  f o r  a b e t t e r  d e s i g n  h a s  l e d  t o  c o n f i g u r a t i o n s  t h a t  are 
shown i n  Figure V. 2.  These t h r e e  d e s i g n s  have i n d i c a t e d  'by a n a l y s i s ,  
t h a t  they a r e  s t r o n g e r  s t r u c t u r a l l y .  The d e s i g n s  w i l l  r e q u i r e  r e f i n e -  
ments i n  o r d e r  t o  be  manufactured and w i l l  be t e s t e d  t o  see i f  they  
perform s a t i s f a c t o r i l y .  The concept  is t o  u s e  metal p i n s  o r  s t a p l e s  a s  
f r i c t i o n  i g n i t e r s  and r e l i e v e  t h e  p l a s t i c  a f t e rbody  t o  a l low gas t o  f low 
t o  p reven t  t h e  c r e a t i o n  o f  h i g h  p r e s s u r e  i n  t h e  annulus  t h a t  might cause 
t h e  p r o p e l l a n t  t o  f l a s h  forward ahead of p r o j e c t i l e .  
Various Projectile Designs 
FIGURE y- 2 
PROJECTILE CONFIGURATION 
CHAPTER V I  
CONCLUSIONS AND RECOMMENDATIONS 
The most impor tant  f i n d i n g  of t h i s  r e p o r t i n g  pe r i od  b a s  t h e  f a c t  
t h a t  t h e  n i t r o c e l l ~ l . o s e  filrrlogen was i n h i b i t i n g  t h e  burn ing  of t h e  fue l /ox i -  
d i z e r  m a t e r i a l s .  The low burning r a t e  of  3 i n ches  p e r  second does 
r e s u l t  i n  a  i n c r e a s e  i n  v e l o c i t y  of  a p r o j e c t i l e  i n  a l i n e d  tube  over  
t h a t  of one i n  an un l ined  tube .  Orders  of magnitude d i f f e r e n c e  i n  
burning r a t e  was ob ta ined  by changing from n i t r o c e l l u l o s e  t o  pol3- 
v iny l ch lo r i de .  The h i g h e r  burning r a t e s  w i t h  t h e  p roper  i g n i t i o n  
c o n t r o l  should r e s u l t  i n  h igher  v e l o c i t i e s .  A s tudy  i s  needed of  t h e  
e f f e c t  of va r i ous  f i lmogens,  f u e l s ,  o v f d i z e r s  and a d d i t i v e s  on t h e  
burning r a t e  of t h e  p r o p e l l a n t  a t  normal p r e s s u r e s  and vscuums. A 
t e s t  f a c i l i t y  is  be ing  cons t ruc t ed  t o  measure burn ing  r a t e  a t  a 
vacuum of t h e  same magnitude a s  t h e  launch tube  vacuums as w e l l  as a t  
s t andard  p r e s su re .  Another f a c i l i t y  w i l l  be  cons t ruc t ed  t o  measure 
t h e  energy r eau i r ed  t o  i g n i t e  t h e  p r o p e l l a n t  t o  s c r e e n  v a r i o u s  com- 
pounds . 
The t h e o r e t i c a l  a t t emp t s  t o  ms themst ica l ly  model t h e  p r o j e c t i l e  
motion and t h e  dynamics of t h e  gases  behind t k z  p r o j e c t i l e  has  helped 
t o  c l a r i f y  t h e  unders tanding of  p o c s i b l e  problems and advantages of  t h e  
concept.  The c a l c u l a t i o n s  t h a t  assume a  s o l i d  p i s t o n  is formed by 
t h e  gases  from t h e  p r o p e l l a n t  l i n i n g ,  i n d i c a t e s  t h a t  t h e  concept  can 
provide major i n c r e a s e s  i n  v e l o c i t y  over  t h e  l i g h t  gas gun. A 
one-dimensional computer model w i l l  examine t h e  l i m i t a t i o n s  o f  t h e  co?.cept 
using t he  assumption of complete ins tan taneous  mixing of  t h e  p r o p e l l a n t  
gases  w i th  the  gas t r a v e l i n g  w i th  t h e  p r o j e c t i l e .  I t  is  recommended 
t h a t  parametr ic  s t u d i e s  be  made of burning r a t e ,  temperature  and pro- 
p e l l a n t  th ickness  us ing  t h e  one dimensional  computer model a s  a  lower 
bound s o l u t i o n .  The exac t  s o l u t i o n  should  f a l l  between t h e  s o l i d  
p i s t o n  and complete mixing. A con t inc ing  e f f o r t  should  be  d i r e c t e d  
toward determining a  b e t t e r  model of  t h e  boundary between t h e  p r o p e l l a n t  
gas  and t h e  t r a v e l i n g  gas  w i th  regard  t o  mixing, j e t t i n g ,  p r e s s u r e  
and v e l o c i t y  d i s t r i b u t i o n s .  
The des ign  of t h e  p r o j e c t i l e s  r e l a t e s  d i r e c t l y  t o  t h e  i g n i t i o n  
delay  problem. It  is recommended t h a t  t h e  development o f  f r i c t i o n a l  
i g n i t e r  types  be  continued and compared t o  t h e  r e s u l t s  from thermal 
i g n i t e r s .  
The development of l a r g e  s p a c e c r a f t  o p e r a t i n g  f o r  months and y e a r s  
will e i t h e r  r equ i r e  a  l a r g e  amount of  weight  devoted t o  meteoroid 
p ro t ec t i on  o r  an unacce2table  r i s k  t o  t h e  s p a c e c r a f t  u n l e s s  l a b o r a t o r y  
methods are developed t o  s imu la t e  meteoroid impact. 
The proposed concept ho lds  t h e  promise of reaching meteoroid ve- 
l o c i t i e s  and should be cont inued u n t i l  i t  is f u l l y  developed. 
APPENDIX I 
Hypervelac i ty  Labora tory  Ins t rumenta t ion  
Figure 1 i l l u s t r a t e s  t h e  b a s i c  l a y o u t  of  t h e  i n s t r u m e n t a t i o n  developed 
f o r  the  measurement of p r e s s u r e  i n  t h e  launch tube  and de te rmina t ion  of  
p r o j e c t i l e  v e l o c i t y  and i n t e g r i t y .  The p r e s s u r e  de te rmina t ion  i s  measured 
from t h e  r e s i s t a n c e  changes of e i t h e r  f o i l  type  s t r a i n  gages o r  semi- 
conductor  gages mounted 180' a p a r t  i n  p a i r s  i n  t h e  hoop d i r e c t i o n .  The 
s e r i e s  connect ion d e l i v e r s  twice t h e  r e s i s t a n c e  change of  a  s i n g l e  gage 
and cance l s  any bending t h a t  may occur  dur ing  t h e  shock of f i r i n g .  The 
f i r s t  gage is  a  s i n g l e  h i g h  ou tpu t  semiconductor  gage which is  used t o  
t r i g g e r  t h e  o s c i l l o s c o p e  t r a c e  f o r  t h e  d a t a  gages. 
The p r c j e c t i l e  v e l o c i t y  i s  determined by t h e  i n t e r r u p t i o n  of a 
c i r c u i t  p r i n t e d  on t h i n  paper .  The p r o j e c t i l e  i n t e g r i t y  is o b t a i n e d  
from t h e  sha rp  edged h o l e  c u t  i n  t h e  paper .  The c i r c u i t  f o r  t h e  semi- 
conductor s t r a i n  gage t r i g g e r  i s  shown s c h e m a t i c a l l y  i n  Figure  2.  
A semiconductor s t r a i n  gage was u t i l i z e d  t o  d e t e c t  t h e  hoop s t r a i n  
produced due t o  t h e  e n t r y  o f  t h e  p r o j e c t i l e  i n t o  t h e  launch tube.  The 
hi-gher o u t p u t  of t h e  semiconductor  s t r g i n  gage p rov ides  a s i g n a l  o f  s u i t a b l e  
am2li tude t o  exceed the  t r i g g e r  s i g n a l  c o n d i t i o n e r  th resho ld  determined by 
the  LEVEL SET Control .  
An o u t p u t  p u l s e  of  approximately f i v e  (5) v o l t s  i s  produced a s  t h e  
i n p u t  s i g n a l  exceeds t h e  t h r e s h o l d  l e v e l .  Due t o  sys tem n o i s e ,  a  th resho ld  
l e v e l  of approximately 60 t o  90 m i l l i v o l t s  was normally used t o  p reven t  





















































































































































































































































FIGURE 2 TRIGGER SIGNAL CONDITIONER 
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SIGNAL CONDITIONER 
Actual  t r i g g e r i n g  occur red  a t  v a r i e d  times. This  was due t o  the  f a c t  
t h a t  un l ined  tubes  and s lower  burning p r o p e l l a n t s  produced p r e s s u r e  t r a c e  
wi th  a  low s l o p e .  A s p a c i r g  of t h r e e  t o  f i v e  inches  between t h e  t r i g g e r  
gage and f i r s t  d a t a  gage provided s u f f i c i e n t  time t o  e f f e c t  scope t r i g g e r i n g  
p r i o r  t o  d a t a  a c q u i s i t i o n  a t  the  f i r s t  d a t a  gage. 
A f o i l  type s t r a i n  gage ba lance  and s i g n a l  c o n d i t i o n e r  c i r c u i t  is  shown 
i n  Figure  3 .  Although t h i s  is  a  f a i r l y  s t r a i g h t - f o r w a r d  c i r c u i t ,  some 
d e v i a t i o n  from s t a n d a r d  p r a c t i c e  was found t o  be  necessa ry  i n  t h i s  a p p l i -  
c a t i o n .  
For example b a t t e r y  power f o r  b o t h  gage b i a s  and op-amp supply  was 
necessary  due t o  a  low l e v e l  i n p u t  s i g n a l .  Also one element  ( c o a r s e  
ba lance)  of t h e  b r i d g e  complet ion c i r c u i t  was made v a r i a b l e  t o  accomodate 
the  v a r i a t i o n  i n  gage r e s i s t a n c e  f o r  d i f f e r e n t  launch tubes.  
The op-amp gain  was a d j u s t e d  by s e l e c t i o n  of c i r c u i t  v a l u e s  t o  
provide  t h e  h i g h e s t  g a i n  w i t h  maximum upper frequency response .  
"Antenna e f f e c t "  n o i s e  was always a  problem, however t h e  low 120 ohm 
o u t p u t  r e s i s t a n c e  of t h e  b r i d g e  provided t h e  b e s t  s i g n a l  t o  n o i s e  r a t i o .  
Careful  grounding o f  t h e  e l e c t r o n i c  c i r c u i t s ,  a s  w e l l  a s  t h e  launch 
tube i t s e l f ,  was necessary .  
The c i r c u i t  f o r  t h e  semiconductor  s t r a i n  gage ba lance  and s i g n a l  
c o n d i t i o n e r  is  shown i n  Figure 4. An i n v e s t i g a t i o n  of  t h e  c h a r a c t e r i s t i c s  
o f  a  t r a n s i s t o r  connected i n  t h e  grounded base  c o n f i g u r a t i o n  d i s c l o s e d  t h e  
f a c t  t h a t  d i f f e r e n t  v a l u e s  of e m i t t e r  r e s i s t a n c e  would cause  a  s h i f t  i n  t h e  
t r a u s i s  t o r ' s  o p e r a t i n g  (Q) p o i c t  . Therefore  exper iments  were conducted 
us ing  semiconductor  gages a s  t h e  e m i t t e r  r e s i s t o r .  R e s u l t s  have 





FIGURE 4 SEMICONDUCTOR STRAIN GAGE BALANCE 8 
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STATION ONE STATIONS TWO 8 THREE 
FIGURE 5 VELOCITY MEASUREMENT SIGNAL CONDITIONER 
f o i l  gage and s i g n a l  cond i t ioned  system 
Figure 5 shows t h e  schemat ic  of t h e  v e l o c i t y  measurement s i g n a l  con- 
d i t i o n e r .  Th i s  s imple  brea1.-wire system has  proven t o  bt q u i t e  e f f e c t i v e  
f o r  v e l o c i t y  measurement. 
S e v e r a l  v a r i a t i o n s  have been t r i e d  and t h e  most s a t i s f a c t o ~ s  s o l u t i o n  
i s  shown. 
Some d i f f i c u l t y  was encountered  w i t h  both  "open" b a l l i s  t i c  paper  and 
plasma e f f e c t s  and were e l i m i n a t e d  by the  f i n a l  des ign .  
A t e s t  swi tch  was i n s t a l l e d  t o  p e n , :  s i m u l a t i o n  o f  c i r c u i t  a c t i v a t i o n  
as  encountered dur ing  d a t a  a c q u i s i t i o n  p e r i o d s .  The . ;ad i t ion  of  t h e  i n t e r v a l  
counter  r equ i red  t h e  a d d i t i o n  of a common c o l l e c t o r  connected t r a n s i s t o r  
t o  p reven t  low r e s i s t a n c e  l o a d i n g  o f  t h e  system. 
The i n t e r v a l  counter-system b lock  diagram i s  shown i n  Figure  6 .  Low 
c o s t  commercial coun te r s  d i d  n o t  p rov ide  t h e  accuracy d e s i r e d .  There fo re  
a  r e l a t i v e l y  low c o s t  c o u n t e r  was d e s i g n  t o  f u l f i l l  t h e  p a r t i c u l a r  re- 
quirements  f o r  t h i s  a p p l i c a t i o n .  
A 2.0 mhz o s c i l l a t o r  and a  d i v i d e  by two I . C .  module was used t o  
provide  1 .0  mhz t iming p u l s e s .  Gating v o l t a g e s  werz taken from t h e  v e l o c i t y  
measuring s i g n a l  c o n d i t i o n e r  and c o n t r o l l e d  t h r e e  mcC-10 decades.  Meter 
readout  provided an  inexpens ive  method o f  i n t e r v a l  i n d i c a t i o n .  
The i n p u t  g a t e  and ready i n d i c a t o r  f o r  the  v e l o c i t y  measuring sys tem ' 
is shown i n  Figure  7. The i n t e r v a l  c o u n t e r  (Fig .  6)  was a t  f i r s t  t r i e d  
us ing  only  t h e  g a t i n g  v o l t a g e s  t o  p rov ide  s t a r t  and s t o p  s i g n a l s  t o  a s imple  
g a t i n g  I C  c i r c u i t .  Plasma e f f e c t s  a t  t h e  b a l l i s t i c  s t a t i o n s  r e s u l t e d  i n  
spur ious  r e s i s t a n c e  changes t h a t  c r e a t e d  s e v e r a l  v o l t a g e  excurs ions  o f  

FIGURE-7 VELOCITY MEASURING SYSTEM -INPUT GATE & READY INDICATOR 
s u f f i c i e n t  ampli tude and p o l a r i t y  t o  cause  f a l s e  v e l o c i t y  i n d i c a t i o n s .  
The c i r c u i t  of Figure. 7 was devised  t o  " lock upt' on t h e  f i n a l  b a l l i s t i c  
s t a t i o n  change s o  t h a t  subsequent  plasma induced changes would n o t  c r e a t e  
f a L e  g a t i n g  s i g n a l s .  S ince  "turn-on" o f  t h e  i n t e r v a l  c o u n t e r  could  pro- 
duce e i t h e r  a r e s t  o r  non-reset  c o n d i t i o n  a "Ready i n d i c a t o r "  was inc luded  
t o  e l i m i n a t e  the  improper c o n d i t i o n  a s  w e l l  a s  provide  c o u n t e r  r e s e t  
i n d i c a t o r .  The i n d i c a t o r  I1 w i l l  be  i l l u m i n a t e d  only  when t h e  c o r r e c t  
ready t o  count  c o n d i t i o n  e x i s t s  and is  e x t i n g u i s h e d  when e i t h e r  t h e  second 
o r  t h i r d  b a l l i s t i c  s t a t i o n  i s  open. 
Figure 8 shows t h e  c i r c u i t r y  f o r  t h e  v e l o c i t y  measuring system and 
d i v i d e  by 10 decade and n e t e r  readout  system. Three conven t iona l  Mod 10 
decades were employed t o  provide  x l ,  x10 and xlOO i n d i c a t i o n  o f  t h e  g a t e d  one 
microsecond i n t e r v a l  p u l s e s .  The summing c i r c u i t  was dev i sed  by a s t u d e n t  
and has proven t o  b e  an inexpens ive  method of  d i g i t a l  readout .  Each meter  
was c a l i b r a t e d  t o  i n d i c a t e  10 u n i t s  and provided d i r e c t  readout .  
F igures  9 and 10 show t h e  b lock diagram and schemat ic  of t h e  c i r c u i t r y  
f o r  t h e  l o n g i t u d i n a l  burning rate d a t a  system u s i n g  photodiode s e n s o r s .  
Four 2N2175 photodiodes were i n s t a l l e d  i n  a d j u s t a b l e  h e i g h t  a s sembl ies  
shown s c h e m a t i c a l l y  i n  Figure  9. Various s i z e d  hypodermic need les  were 
placed o v e r  t h e  d e t e c t o r  t o  a l low l i m i t a t i o n  o f  t h e  f i e l d  of view by 
c o l l i m a t i n g  t h e  l i g h t  produced by t h e  burning of  t h e  p r o p e l l a n t .  
The f i r s t  photodiode (T) was used a s  a t r i g g e r  t o  s t a r t  t h e  scope 
t r a c e .  Veloci ty  measurements were made by t h e  d isplacements  of  t h e  t h r e e  
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FIGURE 9 BLOCK DIAGRAM . -  PHOTOOIODE LONGITUDINAL BURNING 
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I 2 .2M I M  1 12 TWO ADDITIONAL SIGNAL CONDITIONER Ot ITPUTS 
FIGURE 10 SCHEMATIC DIAGRAM - PHOTODIODE SIGNAL CONDlTiONER 
of r e s i s t a n c e  of  t h e  photodiode t o  develop enough v o l t a g e  change t o  d r i v e  
a  Schmidt t r i g g e r  connected o p e r a t i o n a l  a m p l i f i e r  shown i r ~  Figure 10. 
The ou tpu t  s i g n a l  i s  provided  fro^ t h e  frequency compensation ( p i n  6 )  
t o  g i v e  RTL c u r r e n t  l i m i t e d  d r i v e  wi thout  t h e  use  of clamping d iodes .  
The d a t a  s t a t i o n  o u t p u t s  a r e  p a r a l l e l e d  t o  p rov ide  a  s i n g l e  d a t a  o u t p u t  
channel.  
I n  o r d e r  t o  be  a b l e  t o  i d e n t i f y  which d iodes  a r e  s e n s i n g ,  when a l l  
combinations a r e  poss ;b le ,  t h e  v o l t a g e  o u t p u t  from each was s e t  s o  t h a t  
a d d i t i o n s  of combinations w ~ u l d  r e s u l t  i n  unique v a l u e s .  I n  o r d e r ,  t h e  
s t a t i o n s  ,. r e  one, t h r e e  and f i v e  v o l t s  a s  shown i n  Figure  11. Various 
combinations a r e  i l l u s t r a t e d  i n  Figure  12. Knowing when each s t a t i o n  
t r i g g e r s  g ives  v e l o c i t i e s  between any two s t a t i o n s  f o r  e v a l u a t i o n  of 
c o n s i s t  a n t  burc ing  c h a r a c t e r i s t i c s .  
FIGURE I I INDIVIDUAL STATION OUTPUT SIGNALS 
! t'f STATICN I -  I ! ,  
STATION 1 8 2 
STATION 1 ,  2 8 3 
1 1  
STATION 2 a 3- 
STATION 3 
FIGURE !2 COMPOSITE SIGNAL OUTPUT 
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